Purpose Recently, we established a noninvasive system for selecting human blastocysts with a high pre-transfer implantation potential based on first and second division patterns. The present study was carried out to improve the selection system. Methods Embryos that completed first and second divisions within 25.90 and 37.88 h after culture, respectively, were selected using a time-lapse incubator. We examined the effects of compaction and blastocyst formation times on pregnancy rates after transferring these embryos at the blastocyst stage. Results The completion of compaction and blastocyst formation times (79.93 and 97.47 h after culture, respectively) of embryos resulting in pregnancies after transfer were significantly (P < 0.01) shorter than those (86.46 and 100.34 h after culture, respectively) of embryos that failed to induce pregnancies. Embryo selection based on completion of compaction time improved pregnancy rates (40.9 vs. 74.6%, P < 0.01). Conclusions Of the embryos that formed two cells during the first division within 25.90 h after culture and four cells during the second division within 37.88 h after culture, those that completed compaction within 79.93 h after culture before reaching the blastocyst stage had a high implantation potential.
Introduction
The time-lapse incubator, EmbryoScope (VitroLife), which includes a built-in microscope and charge-coupled device camera, has attracted considerable interest in recent years [1] [2] [3] [4] . This incubator allows monitoring of embryonic development at all times without removing the embryos. This advantage may enhance the development of embryos into blastocysts by lessening the risks of stress from temperature changes, light exposure, exposure to high oxygen concentrations, and pH changes in the culture medium. In addition, more information can be obtained by analyzing the embryonic growth at various time points rather than morphological observations at single time points.
In assisted reproductive technologies (ARTs), multiple pregnancies have been a serious problem [5, 6] . This problem is related to the number of embryos transferred. Accordingly, the Japan Society of Obstetrics and Gynecology recommended single embryo transfer (ET) in 2008 to reduce fetal and maternal risks. Therefore, avoiding multiple pregnancies without decreasing pregnancy rates is important, and the transfer of a single blastocyst can resolve this issue. To obtain blastocysts for transfer, embryos need to be cultured in vitro for 5-6 days. High-quality embryos can be selected during in vitro culture because embryos that are unable to develop into blastocysts are eliminated. However, when no embryos develop to the blastocyst stage in vitro, blastocyst transfer is ineffective. In the early stage of ET (day 2 or 3), high-quality embryos must be selected without affecting their developmental potential into blastocysts. Therefore, various studies have attempted to establish methods for selecting high-quality embryos with a focus on the division speed and morphology of early stage embryos [7] [8] [9] [10] . The time-lapse incubator has played an important part in the detailed observation of embryonic development. Specifically, it has enabled the clarification of the relationships between early cleavage patterns and the developmental potential of embryos. Studies have found correlations between the time from fertilization to the first division and number of blastomeres, and the implantation potential of embryos on day 2 [11] . In addition, correlations have been observed between the first and second division times and the implantation potential of embryos on day 3 [12] , as well as between the synchrony of second and third divisions and the formation rate of high-quality blastocysts [13] . Furthermore, the synchrony of the second division has been shown to correlate with the formation rate of blastocysts [14] . In addition, many studies have reported that the first division time of embryos affects pregnancy rates after transfer [15] [16] [17] [18] [19] [20] , although some studies have shown the opposite result [21] [22] [23] .
In a previous study [24] , embryos that formed two cells during the first division and four cells during the second division, regardless of the presence or absence of fragmentation, and completed first and second divisions within 25.90 and 37.88 h after culture, respectively, were selected as highquality embryos. Interestingly, the transfer of these embryos on day 2 or 3 did not affect the clinical pregnancy rates. However, when these embryos were cultured in vitro and transferred at the blastocyst stage, clinical pregnancy rates improved. These results clearly indicate that in vitro culture of the selected embryos and transfer of the resultant blastocysts on day 5 is necessary to significantly elevate pregnancy rates. However, many studies in which embryos with a high developmental ability were selected based on early cleavage patterns have suggested that the transfer goal should be on day 2 or 3 ET [8, 9, 12, 16, 17, 19, 20] . However, the clinical pregnancy rate was limited to 55.8% even when high-quality embryos were transferred at the blastocyst stage, indicating that additional criteria for the selection of embryos with a high implantation potential are necessary.
In the present study, we sought to improve the noninvasive selection system of human embryos with a high implantation potential before transfer established in the previous study. Therefore, we evaluated the relationship between the first and second divisions and the compaction and blastocyst formation times of the selected embryos and pregnancy rates after transfer.
Materials and methods

Patients
All study participants provided written informed consent, and the study design was approved by the Ethics Committee of the Hospital. We examined the outcome of 299 (243 patients) of the embryos produced using ART between May 2014 and June 2016 that had formed two and four cells during the first and second divisions, respectively, regardless of the presence or absence of fragmentation, and had been transferred at the blastocyst stage based on a previous study [24] . The mean age ± standard deviation of patients at the retrieval cycles was 37.0 ± 4.0 years.
Production, culture, and transfer of embryos
The ovaries were stimulated using the gonadotropin-releasing hormone analog buserelin acetate (Fuji Pharmaceutical) and the short or long protocol together with follicle-stimulating hormone and human menopausal gonadotrophin (ASUKA Pharmaceutical) stimulation. Human chorionic gonadotropin (Fuji Pharmaceutical) or leuprolide was administered when the maximum diameter of two or more follicles reached 18 mm. The cumulus-oocyte complexes were retrieved using ultrasound-guided transvaginal follicle aspiration approximately 36 h after the human chorionic gonadotropin injection. The oocytes were fertilized using conventional in vitro fertilization (IVF), intracytoplasmic sperm injection (ICSI), or the split cycle using standard techniques. For the split cycle, the oocytes were randomized to conventional IVF or ICSI. Conventional IVF embryos were loaded into an EmbryoScope 4-5 h after insemination, while the ICSI embryos were cultured in the EmbryoScope immediately after microinjection. The microinjection and insemination times were defined as the start of culture for ICSI and conventional IVF embryos, respectively. Embryos were cultured in One
Step Medium (NAKA Medical) covered with sterile mineral oil at 37°C exposed to 5% CO 2 , 5% O 2 , and 90% N 2 for 5 or 6 days. After culturing, the blastocysts were cryopreserved using a Cryotop® (Kitazato) [25, 26] . After thawing, single cryopreserved blastocyst transfer (299 retrieval cycles) was performed during the hormone replacement therapy cycles. Clinical pregnancy rates were determined according to the presence of a gestational sac, as visualized using ultrasound at week 3.
Experimental design
Experiment 1
To confirm the high implantation potential of embryos cleaving early to the two-and four-cell stages, 299 embryos were divided into two groups, consisting of embryos that completed the first and second divisions within 25.90 and 37.88 h after culture, respectively (early cleaved embryos), and the remaining embryos. As described in a previous study, the time point when one of the two cells divided was regarded as the second division time. Only when two cells had divided almost simultaneously (within 1 h), they were classified as a four-cell formation. For example, embryos were excluded when one of the two cells had divided to form three cells and, a few hours later, the other original cells had divided to form four cells [24] . We compared the clinical pregnancy rates after transfer of blastocysts derived from the embryos between the groups.
Experiment 2
One-hundred and eighty-two early cleaved embryos were divided into two groups, consisting of embryos that resulted in pregnancies after transfer and the other embryos. We compared the first and second division times, the beginning and completion of compaction, and blastocyst formation between the groups. After several cell divisions (Fig. 1a, e) , the blastomeres became flattened. The time point when the intercellular boundaries became obscured somewhere in the embryo (i.e., blastomeres are arranged tightly, and some or all of them start to Bmerge,^but individual cells are still easily distinguishable; Fig. 1b, f) was regarded as the beginning of the compaction time. The duration until blastomeres finally unified into one cluster (i.e., blastomeres are completely Bmerged^together, and the individual cell boundaries cannot be easily identified, but the nuclei are visible and intercellular space disappears) was regarded as the compaction completion time (Fig. 1c, g ). The time point when the embryo developed into a blastocyst was scored as 3 in the Gardner classification [27] (i.e., a formed blastocoele increases in volume and fills the embryo completely) and was regarded as the blastocyst formation time (Fig. 1d, h ).
Experiment 3
We examined the effects of compaction completion, blastocyst formation times, or both on the clinical pregnancy of early cleaved embryos. The average compaction completion time and blastocyst formation of embryos that resulted in pregnancies after the transfer was 79.93 and 97.47 h, respectively, in experiment 2. Therefore, embryos that completed compaction within 79.93 h after culture or developed into blastocysts within 97.47 h after culture or both were transferred, and pregnancy rates were compared with those obtained by transferring the other embryos.
Statistical analysis
The statistical analysis was performed using the chi-squared (χ 2 ) test with continuity correction (experiments 1 and 3) or Kruskal-Wallis analysis of variance (experiment 2). A P < 0.05 was considered statistically significant.
Results
Experiment 1
As shown in Table 1 , the pregnancy rate after transfer of early cleaved embryos (53.3%) was significantly (P < 0.05) higher than that of the other embryos (39.3%) was. There was no significant difference in the rates of deliveries or ongoing pregnancies (69.6 vs. 77.3%) between the groups.
Experiment 2
As shown in Table 2 , there were no significant differences in the first division (23.53 vs. 23.62 h), second division (35.07 vs. 35.15 h), and the beginning of compaction (73.36 vs. 74.10 h) times between the groups. However, the compaction completion and blastocyst formation times (79.93 and 97.47 h, respectively) of embryos resulting in pregnancies after transfer were significantly (P < 0.01) shorter than those (86.46 and 100.34 h, respectively) of embryos that failed to induce pregnancies.
Experiment 3
As shown in Table 3 , the pregnancy rate after transfer of embryos that completed compaction within 79.93 h after culture (74.6%) was significantly (P < 0.01) higher than that of the other embryos (40.9%). Similarly, the pregnancy rate after transfer of embryos that completed compaction within 79.93 h after culture and developed into blastocysts within 97.47 h after culture (73.5%) was significantly (P < 0.01) higher than that of the other embryos (45.9%) was. In contrast, the pregnancy rate after transfer of embryos that developed into blastocysts within 97.47 h after culture (60.2%) was not different from that of the other embryos (47.5%). Embryo selection based on compaction completion, blastocyst formation times, or both did not affect the rates of deliveries or ongoing pregnancies (74.0 vs. 80.9, 76.6 vs. 78.0, and 75.0 vs. 78.7%, respectively).
Discussion
In the present study, embryos that formed two and four cells during the first and second divisions within 25.90 and 37.88 h, respectively, were selected. After reaching the blastocyst stage, the embryos were cryopreserved and then thawed for single blastocyst transfer during hormone replacement therapy cycles. The present study showed that selecting embryos that completed compaction within 79.93 h after culture from early cleaved embryos and transferring them at the blastocyst stage led to high pregnancy rates.
The results of the present study confirm previous findings showing that embryos that cleaved early to the two-and fourcell stages had a high implantation potential, but the clinical pregnancy rate was limited to approximately 50% even when these embryos were transferred [24] . Initially, we expected that selecting embryos that cleave earlier would improve pregnancy rates. However, the first and second division times of embryos resulting in pregnancies were not different from those of embryos that failed to induce pregnancies, indicating that other criteria for embryo selection are necessary to improve pregnancy rates.
After some cellular divisions in the initial stages of embryonic development, the intercellular boundaries are obscured in a process called compaction, which maximizes the intercellular contact and forms the morula. The cell-cell adhesion protein E-cadherin is first expressed during compaction, enabling the cells to adhere more tightly [28] [29] [30] [31] [32] . Although the compaction of embryos has not received sufficient attention in ART, some studies have focused on the relationships between the compaction patterns of embryos and their developmental potential. Embryos that begin compaction before the eight-cell stage exhibit aberrant in vitro development [33] . Conversely, embryos that complete compaction on day 5 have a lower ability to develop into high-quality blastocysts than those that compact on day 4 do [34] . In addition, the compaction patterns of embryos affect pregnancy rates after transfer [35, 36] . These studies suggest that the compaction patterns of embryos can facilitate the prediction of their developmental ability in vitro and in vivo. Therefore, we hypothesized that the compaction time is a useful criterion for selection of embryos with a high implantation potential. The results of the present study showed that the beginning of compaction time of embryos resulting in pregnancies was not different from that of embryos that failed to induce pregnancies. This observation indicates that embryos with a high implantation potential cannot be selected based on this criterion. In contrast, the compaction completion time of the former is significantly shorter than that of the latter. In addition, the selection of embryos that completed compaction within 79.93 h after culture and transferring them at the blastocyst stage improved the pregnancy rate. These results indicate that there is a correlation between the time from the beginning to completion of compaction and the implantation potential of embryos. This finding is in agreement with the results of previous studies where the compaction patterns of embryos affected the rates of good quality blastocyst formation and implantation [33, 35, 36] . In contrast, some studies have reported that the compaction time of embryos does not affect clinical pregnancy rates [37, 38] . Skiadas et al. [36] reported that IVF or ICSI embryos that completed compaction at 68-72 h after insemination and exhibited <10% fragmentation result in a high pregnancy rate (47%) after transfer on day 3. However, this criterion may not be practical because the percentage of satisfied embryos was only 4.5% of the transferred embryos. In the present study, 36.8% of transferred embryos satisfied the criterion. Nevertheless, the pregnancy rate after transferring the satisfied embryos was also remarkably high (74.6%). This improvement may be attributed to three factors. First, we selected embryos that completed compaction within 79.93 h after culture. At 68-72 h after insemination, 53.5-60.1% of the transferred embryos were at the partial compaction stage in which some membrane fusion is evident, but the number of blastomeres is easily countable [36] . Most likely, some of these embryos completed compaction by 79.93 h after culture. Secondly, we selected embryos that not only completed compaction early but also cleaved early to the two-and four-cell stages. According to Skiadas et al. [36] , 20-33% of embryos in the partial compaction stage at 68-72 h after insemination implant after transfer. The additional criterion might facilitate the selection of embryos with a high implantation potential from slowly compacting embryos. Finally, we transferred selected embryos at the blastocyst stage on day 5 or 6. This procedure significantly improved pregnancy rates after transferring the selected embryos based on early cleavage patterns compared with transfers on day 2 or 3 in our previous study [24] . Our embryo selection system would be useful for increasing the number of successful pregnancies from IVF or ICSI embryos.
It is unclear why the transfer of embryos that complete compaction early results in high pregnancy rates. Compaction is accompanied by functional changes resulting from the shift in the gene transcription profile from the maternal to the zygotic genome. These functional changes lead to differentiation of the cells into the inner cell mass and trophectoderm, which is essential for blastocyst formation [33] . A previous study showed the association between delayed compaction of embryos and a smaller inner cell mass volume in developed blastocysts [34] . This finding suggests that delayed compaction reduces the quality of embryos, thereby resulting in lower pregnancy rates. The selection of embryos that complete compaction early may prevent the transfer of low-quality embryos. The reason for delays in the compaction process is also unclear. A normal cell cycle plays an important role in normal embryonic development [13] . External factors due to in vitro culturing may have altered the cell cycle, resulting in delayed embryonic development. Most embryos in which compaction occurred during the fourto seven-cell stage contained multinucleated blastomeres and failed to undergo cytokinesis [33] . Good quality blastocysts were not obtained from these embryos. Therefore, abnormal cell cycle, multinucleated blastomeres, and cytokinetic failure may be also involved in the delayed compaction completion of embryos.
In the present study, the blastocyst formation time of embryos resulting in pregnancies was also shorter than that of embryos that failed to induce pregnancies, but the selection of embryos based on blastocyst formation time did not improve the pregnancy rate. Although the compaction completion time of embryos that result in pregnancies was 6.53 h shorter than that of embryos that failed to induce pregnancies, the difference in the blastocyst formation times between the groups was 2.87 h. These results indicate that the blastocyst formation of embryos that completed compaction early was delayed or that embryos completing compaction tardily develop early into blastocysts or both. Therefore, low-quality embryos may have also been transferred when embryos were selected based on blastocyst formation time.
In conclusion, we established a noninvasive selection system for human blastocysts with a high implantation potential before transfer based on early cleavage and compaction patterns.
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